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Abstract 

We investigate the interference effects of non-standard neutrino-matter interac- 
tions (NSNI) with the mass-induced neutrino oscillations. The NSNI is composed 
of flavor- changing neutrino interactions (FCNI) and flavor- diagonal neutrino in- 
teractions (FDNI). Both of the interactions are introduced in the — v T sector 
and the v e — sector in order to study their effects in z/ M — > v T and z/ M — > v e 
oscillations, respectively. The FCNI effect proves to possibly dominate the CP 
violating effect and significantly survive as a fake CP violating effect in the neu- 
trino energy region where the pure CP violating effect, ordinary matter effect and 
FDNI effect fall, for example, above 4 GeV at the baseline of L = 730 km in 
the — > v T oscillation for the maximum parameter values of FCNI and FDNI 
allowed by the atmospheric neutrino oscillation data. The FCNI and FDNI effects 
on CP violation in —>■ v e oscillation are negligibly small due to the stringent 
constraints on FCNI from the bounds on lepton flavor violating processes and on 
FDNI from the limits on lepton universality violation. 
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I Introduction 

In the framework of massive neutrinos and leptonic mixing, the atmospheric 
neutrino anomaly pQ is resolved by the v T oscillation with nearly maximal 

mixing [2] and the solar neutrino deficit [3] is interpreted by the oscillation of v e 
into another neutrino state with large mixing angle solution |lj in the Mikheyev- 
Smirnov-Wolfenstein (MSW) mechanism of neutrino interactions with matter j^j 
in the three-neutrino scheme, where the neutrino flavor eigenstates v a (a = e, fi, r) 
are expressed by a superposition of their mass eigenstates {% = 1, 2, 3) with mass 
mi as follows: 

3 

Va=^2U ai Vi, (1) 
i=l 

where U is the 3x3 unitary mixing matrix, which is called as Maki-Nakagawa- 
Sakata (MNS) matrix j^j. The reactor experiment of search for i7 e oscillations, 
CHOOZ, gives an upper limit on the element U e 3, which is very small as \U e s\ < 
0.22 [7j. The liquid scintillation experiment, LSND, claims a discovery of — > v e 
oscillations jH], which requires a fourth sterile neutrino. 

The above situation seems to convince us of a scheme of massive neutrinos 
and lepton mixing. In addition to this scheme, it is interesting to investigate 
non-standard neutrino-matter interactions in the neutrino oscillations in order to 
search for new physics beyond the standard model. The non-standard neutrino- 
matter interaction (NSNI) is originated from Wolfenstein's work jH] and the flavor- 
changing neutrino-matter interaction (FCNI) and flavor-diagonal neutrino-matter 
interaction (FDNI) were used in order to study the solar neutrino problem, not by 
relying on the mass-induced neutrino oscillations PHj^I], and then by considering 
them as sub-leading effects to the standard mass-induced oscillations 12 3 . For the 
atmospheric neutrino problem, the FDNI alone JH] and both of the FCNI and 
FDNI were applied [Hj. The mere NSNI, however, has proved not to be able to 
solve the atmospheric neutrino problem JH] • 
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After that, the FCNI has been studied as sub-leading effects to the standard 
mass-induced neutrino oscillations by considering FCNI in — v T sector and in 
v e — v T sector [TH] [H] and its detectability at a future neutrino factory is discussed 
in Refs. [T7] PB]JH]- In Ref.19, it is shown that the FCNI dominates the v e os- 
cillation probability at sufficiently high neutrino energies. Moreover, the NSNI 
with the netrino masses can induce some fake CP violating effect in matter in the 
long-baseline oscillation experiments [201 ■ There are also combined analyses with 
new flavor-changing neutrino interactions occuring in the neutrino production and 
detection processes in addition to the above-mentioned non-standard interactions 
with matter during neutrino propagation, of which effects are enhanced by the 
interference with the ordinary weak interactions in the oscillation phenomena fU\ . 

In this paper, we analyze the non-standard neutrino-matter interaction effects 
(NSNI) to the CP violating effects in the neutrino oscillations by considering them 
in v^ — fr sector and v e — sector in the three- neutrino scheme. The NSNI consists 
of the above-mentioned FCNI and flavor-diagonal neutrino-matter interactions 
(FDNI). The evolution equation of the neutrino flavor states is solved analytically 
by using Arafune-Koike-Sato's perturbative method [22] and we calculate the 
neutrino oscillation probability for the general v a — > v@ oscillation. We apply 
this analytic expression of the probability to calculate the CP violating effects in 

~> v t and —>■ v e oscillations, i.e. the difference between the neutrino and 
the antineutrino oscillation probabilities. We find that the FCNI matter effect 
survives and dominates the CP violating effect in — > v T oscillation even after 
both the pure CP violating effect due to the phase of U and the fake CP violating 
ones due to the ordinary and FDNI matter effects fall. This shows that the non- 
standard flavor changing neutrino-matter interaction could be detected in the CP 
violating effect in — > v T oscillation at the neutrino energies where both the 
pure CP violating effect and the ordinary matter effect become sufficiently small 
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and undetectable. For — > ^ e oscillation, the FCNI and FDNI effects on the CP 
violating effect are negligibly small due to the stringent constraints ^1] ^Sj |2Hj on 
FCNI from the bounds on lepton flavor violating processes and on FDNI from the 
limits on lepton universality violation. 

The paper is organized as follows. In Sec. II the oscillation probability is 
derived by solving analytically the evolution equation of the neutrino flavor states 
with the non-standard neutrino-matter interactions in — v T sector. The effect 
of the NSNI is studied in the CP violating effects in the — > v T oscillation. In 
Sect. Ill the same will be done for the NSNI in u e — sector and the effect of 
the NSNI is studied in the CP violating effects in the — > v e oscillation. Section 
IV is devoted to the conclusions and discussions. 

II Oscillation probability and CP violating effect 
with NSNI in v fl — v T sector 

Here and in the next section we calculate the neutrino oscillation probabilities 
and CP violating effects with the inclusion of the NSNI in — v T sector and in 
v e — sector, respectively, in the three-neutrino scheme by solving analylitically 
the evolution equation for neutrino flavor states in the perturbative method. 

If we consider the effect of NSNI in the — v T sector, the evolution equation 
in matter is given as 















w 







(2) 



and |T7j 

x [0 \ fV e (x) \ 

H = —U\0 Ami C/t + ^V,{x) , (3) 

\0 AmlJ V efcVfix) e%V f {x) j 

where E is the neutrino energy, Am| = m\ — mj, rrii being the mass of z-th 
neutrino, U is the MNS leptonic mixing matrix, Vf(x) = ^/2Gpnf(x), x being 



4 



the position of the running neutrino, ej lT Vf(x) is the flavor-changing -\- f — > 
v T + f forward scattering amplitude due to the flavor- changing neutrino-matter 
interaction(FCNI), and e'^Vfix) is the difference between the flavor-diagonal v^ — 
f and v T — f elastic forward scattering amplitudes due to the flavor-diagonal 
neutrino- matter interaction(FDNI), with rif(x) being the number density of the 
fermion /(/ = u,d,e) which induces such processes. In Eq.(3), e^ r and e'^ T are 
the phenomenological parameters which characterize the strength of FCNI and 
FDNI, respectively. The fermion number density nj(x) can be written in terms 
of the matter density p as rif(x) = p(x)Yf, where Yf is the fraction of the fermion 
/ per nucleon, ~ 1/2 for electrons and ~ 3/2 for u or d quarks. In the following, 
we consider interactions only with either u or d quarks, since for the NSNI with 
electrons the same effects presented in this paper can be obtained simply by 
increasing the parameters e u ^ and e'^ d by a factor 3. 

For the evolution equation of the antineutrinos, the replacement of U — > 
U*, V e j(x) — ► -V e j(x) and e£ r — * e f * T should be done in Eq.(3). 

We use here Arafune-Koike-Sato's perturbative method to solve analytically 
the evolution equation j22] • The solution of Eq. (2) is given by 

v(x) = S(x)i/(0), (4) 

with 

S(x) = Texp (-i £ dsH(s)) , (5) 

where 

/ v e {x) \ 

u(x) = u^x) (6) 

and T is the time ordering operator. In the following, the oscillation probability 
and the CP violating effect are calculated for the baseline of L = 300 and 730 km 
so that we assume rif(x) and p(x) to be independent of x. Then we have 

S(x) = e' iHx . (7) 
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The oscillation probability for v a — > vp at the distance L from the neutrino pro- 
duction point is given in terms of S in Eq.(5) as follows: 



P(h> a -> v$\L) = \Sp a (L)\' 



We express the Hamiltonian H of Eq.(3) for simplicity as 



(8) 
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H = — U Am 



2E 
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2h 1 e*b e'b 



(9) 



where 



a = 2EV e = 2\[2G F n e E = 7.60 x 10 



E 



eb 
e'b 



[gem" 3 ] [GeV] 
' ' J 7 [gem" 3 ] [GeV] 



2EeLV f = 15.2 x 10~ 5 eV f 



E 



2Ee'fV f = 15.2 x 10' 5 e'Y f - 



P 



E 



(10) 

(11) 
(12) 



[gem- 3 ] [GeV] 

where e^ T and e'^ T are denoted as e and e', respectively, and 2EVf is denoted as 
b, for brevity. In general, e is complex and e' is real from the hermeticity of the 
Hamiltonian. Since Am^ <C Am^ and a, \e\b, \e'\b <C Arn^j because of |e] < 0.02 
and |e'| < 0.05 from the analysis of the atmospheric neutrino problem we 
decompose H of Eq.(9) as H — H + Hi with 

/0 



H = —U 
2E 





o ! u\ 
\0 Am^ 



(13) 



and 
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eb 
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v0 


e*b 


e'b) 



(14) 



and treat Hi as a perturbation and calculate Eq.(7) up to the first order in 
Am| 1; a, e6 and e'b. Then, S(x) is given by 



S{x) 



-i Hqx 



i e 



~ iHoX f dsHAs), 
Jo 



(15) 
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where Hi(x) = e lH ° x Hie lH o x . The approximation in Eq.(15) requires 



Am^L 



«1, 



\e\bL 



« 1, 



e'bL 



< 1. 



(16) 



2£ 2E ' 2£ 

The requirements of Eq.(16) are satisfied for Am^ = (lO^ 5 — 10" 4 ) eV 2 , £ = 1-20 
GeV, L = (300 - 730) km, p = 3g/cm 3 , |e| ~ 0.02 and |e'| ~ 0.05 as 



21 ~ 4 x 10" 4 -0.2, 



2E 
\e'\bL 

2E 



\e\bL 
2E 



(1-2.5) x 10" 2 , 



~ (2.5 - 6) x 10' 



(17) 



Equation (16) also shows that the approximation becomes better as the energy E 
increases. If we express Sp a {x) as 

Spa{x) = 5p a + iT/3 a (x), (18) 



then iTp a (x) is obtained as follows: 



iTp a (x) = —2iexp[—i 



. e'bx 



AE 

ax 



sm 



% — U e3 

2E \ ed\ 



Am^i 
AE 
e'b 
Am 2 31 



>e3\ 



31 



(2\U T3 \ 2 -5 



— I 



2E 



U T s\ 2 } - -^r{AU* a3 U^Re(ebU; 3 U T3 ) 



31 



e*b(U* a3 U^ T + U 03 U* T3 S a ,) - eb{U: 3 U T3 5 i 



X 



+ U p3 U; 3 5 aT )} -2i—U* a3 Up 3 Re(ebU; 3 U T3 ) 



Am^j 



— i 



2E 



Am 



21 



Am 



2E 



31 



Am 2 



■{6 ae 5 Pe + U p3 U* 3 (2\U e3 \ 2 -5 



31 



- 5f3e)} + {^tV + U/33U* 3 (2\U t3 \ 2 - 5 ar - 5 p T )} 

+ -r^{e*&V<W + eMp^ + AU* 3 Up 3 Re(ebU* 3 U T3 ) 

™31 

- 6*b(U* a3 U, 3 5p T + Up 3 U* T3 8 aix ) - eb(U* a3 U T3 5 p , 

+ U p3 U; 3 5 aT )}]. (19) 

We use Eq.(19) in Eq.(18) and calculate the oscillation probability for v a — > vp 
by Eq.(8). The complete expression of P{y a — > 1/3; L) with the NSNI in — v T 
sector is given in the Appendix A. 



Now we will study the effects due to the NSNI in u^—v T sector on the oscillation 
probability and the CP violating effect in — > v T oscillation at the baseline of 
L = 730 km. For the MNS mixing matrix U, we take the standard parametrization 
given by 



where c^- = cos%, S{j = sin% and 5 is the CP violating phase. From the Super- 
Kamiokande data for the atmospheric neutrino oscillation j2], sin 2 2# atm > 0.82 
and 5 x 10" 4 < Am^ tm < 6 x 10~ 3 eV 2 , we take in the following sin 6 2 3 = 0.707 for 
the mixing angle S23 and Am^ = 2.5 x 10~ 3 eV 2 as a typical value. For S12, we 
take sin# 12 = 0.54 and Am^ = 7.3 x 10~ 5 eV 2 from the presently most probable 
large-mixing angle solution (LMA) to the solar neutrino oscillation [21]. For S13, 
we tentatively assume sin# 13 = 0.14 from the CHOOZ data on z/ e oscillation [7j, 
sin 2 2# C Hooz < 0.18 for 3 x 10~ 3 < Am 2 < 1.0 x 10~ 2 eV 2 , which means < 
sin# 13 < 0.22. For the phenomenological parameters of the NSNI, the constraints 
are derived to be —0.03 < e < 0.02 and |e'| < 0.05 from the analyses of the 
atmospheric neutrino data by Fonengo et al. JH]. They assumed e to be real. 
Here we generally take e to be complex. For the numerical calculations we take 
|e| = 0.01 and e' = ±0.02, and the effects of the FCNI on CP violation have 
proved to be maximum at <p = and 7r for the phase of e, e = |e| e*^. 

In the following, we present the numerical results for the oscillation proba- 
bilities and CP violating effects in the — > v T oscillation. The effect of NSNI 
in the — v T sector is not so significant in the — > v e and v e — > v T oscilla- 
tions as in the — > v T oscillation. Fig.l and Fig. 2 show the — > v T oscillation 
probabilities for |e| = 0.01, e' = 0.02,5 = 7r/2, Aro^j > for the neutrino energy 
range of E = 1 — 20 GeV at the baseline of L = 730 km for = (Fig.l) and 
= 7r (Fig.2), respectively, where the solid line represents the oscillation proba- 
bility including all the three matter effects, i.e. ordinary matter effect (denoted as 




(20) 
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a in Eq.(14)), flavor- changing neutrino-matter interaction (FCNI, denoted as eb) 
and flavor- diagonal neutrino-matter interaction (FDNI, denoted as e'b), and the 
dashed line represents the one without any matter effects. These two Figures show 
that the matter effects due to the NSNI are small for the oscillation probability. 

Figs. 3-6 show the CP violating effects in the — > v T oscillation, calculated as 
the difference between the neutrino and the antineutrino oscillation probabilities, 
for the energy range of E = 1 — 20 GeV at the baseline of L = 730 km. The 
phase of the MNS mixing matrix U is taken as 5 = n/2. The dash-dotted line 
is the pure CP violating effect due to the phase of U. The long-dashed, short- 
dashed and dotted lines are the fake CP violating effects due to the ordinary, 
FCNI and FDNI matter effects, respectively. The solid line represents the total 
CP violating effect with the sum of the pure and fake ones. For Fig. 3-6, we 
have taken |e| = 0.01, |e'| = 0.02 and \Am 2 3l \ = 2.5 x 10~ 3 eV 2 . In Fig.3, the 
phase of e is taken as <fi = and e' = +0.02 (> 0) and Am^ > 0. In Fig. 4, 
= 7r,e' = +0.02 and Am 2 x > 0. In Fig.5, = 0, e' > and Ara^ < 0, 
and in Fig. 6, = n, e' > and Am^ < 0. As can be seen from these Figures, 
the FCNI matter effect dominates the CP violating effect in the whole range of 
E = 1 — 20 GeV, and all the other contributions of pure CP violation, ordinary 
matter effect and FDNI effect rapidly fall around 4 GeV and the FCNI effect 
survives significantly above this energy. When the sign of Am^ is changed, the 
contributions of all the matter effects including FCNI and FDNI change the sign, 
as can be seen from the comparison of Fig.3 and Fig.5 and from Fig. 4 and Fig. 6. 

Next we will show how much the predicted CP violation depends on the oscil- 
lation parameters in their allowed ranges. Fig. 7 and Fig. 8 give the dependence of 
the total CP violating effect in — > v T oscillation at L = 730 km on the mass- 
squared differences Am^ and Am^ for Am^ = 1.5 x 10~ 3 , 2.5 x 10~ 3 , 3.5 x 10~ 3 
eV 2 and Am^ = 6 x 10~ 5 , 7 x 10~ 5 , 8 x 10~ 5 eV 2 , respectively. The dependence 
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on Am^ is large and that on Am^ is very small, because the baseline of L = 730 
km corresponds to the atmospheric neutrino mass scale. The dash-dotted curve 
in both Figures represents the pure CP violating effect without the FCNI and 
FDNI. Figs. 9, 10 and 11 give the dependence of the total CP violating effect on 
the mixing angles s 2 3,Si 2 , and s i3 for s 23 = 0.55, 0.60, 0.65, s i2 = 0.50,0.55,0.60 
and S13 = 0.05,0.10,0.15, respectively. The dependence on the mixing angles is 
evidently small. Again, the dash-dotted curve represents the pure CP violating 
effect without the FCNI and FDNI. These Figures 7-11 show that the new CP 
violating effects are significantly larger than the pure CP violating one coming 
from the standard model. 

Ill NSNI in v e - sector 

In this section, we consider the NSNI in v e — sector and study its effect on 
the CP violating effect in — > v e oscillation at the baselines of L = 300 km. 
The Hamiltonian of the evolution equation of the flavor neutrino states is given 

as 



where e{ /i V/-(a;) is the flavor- changing u e + f — > v^ + f forward scattering amplitude 
due to the FCNI and e'^Vf{x) is the difference between the flavor-diagonal v e — f 
and — f elastic forward scattering amplitudes due to the FDNI. As in the 
previous section, we assume the matter density to be constant for the baseline of 
L = 300 km and reexpress Eq.(21) as 




(21) 




/0 





(22) 



where a is the same as in Eq.(10) and 



V b = 2^6^ = 15.2x10-^17 



p E 



eV 2 , 



(23) 



[gem- 3 ] [GeV] 
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rfb = 2Ee' e f V f = 15.2 x \{T*rfY r 



gem 



3 ][GeV] 



(24) 



where and e^, are denoted as r\ and 77', respectively, and 2EVf is denoted 
as b, for brevity. In general, 77 is complex and 77' is real. The experimental 
limits on various lepton flavor violating processes and SU(2)l breaking effects 
give a stringent constraint on the FCNI parameter as \q\ < 7 x 10 -5 [11J[15J[23J 
and the upper bounds on lepton universality violation give a constraint on the 
FDNI parameter as \r]'\ < 0.1 [IT] [15]. So, we can decompose H of Eq.(22) as 
H = H + Hi with 



Hi = —^U 
2E 



/o 







-± 

2E 


1 a 


rjb 







Am 2 21 


\uU 


V *b 


rfb 


:) 


\o 





0/ 
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(25) 



and treat Hi as a perturbation. Hq is the same as in Eq.(13). In the same way as 
for the NSNI in — v T sector, we calculate S(x) of Eq.(7) up to the first order 
in ATO2i,a, r)b and rfb to obtain the expression of iTp a (x) in Eq.(18): 

a 



iTf3 a (x 



—2 i exp 



-1 — sm 

AE ) 



8 a e - 8p e ) - i^\U e3 \ 2 



rfb 
Am 2 



Am 2 



2U, 
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31 
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31 
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2E 



Am 2 31 
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0e 
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+ U p3 U* e3 5 alx )} -2z—U* a3 Up 3 Re( V bU: 3 U fl3 ) 



Am 31 x r Am 2 



+ 
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Am 2 31 
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21 Up 2 U* a2 + 



Am 2 3l 



{8 ae 8p e + U p3 U* a3 {2\U t 



(3 1 



■{SanSpn + Uf3 3 U* 3 (2\U^ 3 \ 2 - 5 a ^ - 8 g ^)} 



Am 2 31 



Am 2 31 

{v'bSfoSce + T]b8 Pe 8 ail + AU^UpsRei'qbU^U^) 



- ij'biV&UaSto + U p3 U; 3 8 ae ) - rjbiU^U^ 
+ U p3 U: 3 8 a ^)} 



(26) 



Using Eq.(26) in Eq.(18), we calculate the oscillation probability for v a — > v$ by 



11 



Eq.(8). The complete expression of P(u a — » v$\ L) with the NSNI in v e — sector 
is given in the Appendix B. 

Now we will study the effects due to the NSNI in u e — sector on the CP 
violating effect in — >■ v e oscillation at the baseline of L — 300 km. The values 
of the parameters Am|i, Aro^, s 2 3, S12 an d s i3 are taken to be the same as in 
the previous section. The effect of the FCNI on CP violation has proved to be 
maximum at 7 = n/2 and 37r/2 for the phase of 77, 77 = |?7|e* 7 . We present the 
numerical results for the CP violating effects in the — > v e oscillation for the 
parameters satisfying the constraints. In Fig. 12 we show the CP violating effect 
in — > v e oscillation for \rj\ = 7 x 10~ 5 , 7 = 7r/2, rj' = 0.01 in the neutrino energy 
range of E — 0.3-2 GeV at the baseline of L — 300 km for Ara^ > and 5 = it/2 
for the phase of U. The dash-dotted line represents the pure CP violating effect 
due to the phase of U. The long-dashed and short-dashed lines are the fake CP 
violating effects due to the ordinary and FCNI matter effects, respectively. The 
solid line represents the total CP violating effect, which is the sum of the pure 
and fake ones. The FCNI effect turns out to be negligibly small, so that the total 
CP violating effect is just given by the pure CP violating effect and the ordinary 
matter effect. The FDNI effect is negligibly small just as the FCNI effect and is 
not shown in Fig. 12. 

IV Conclusions and discussions 

In this paper we have studied the effects of non-standard neutrino-matter in- 
teractions on the standard mass-induced oscillation probabilities and the CP vio- 
lating effects. The non-standard interactions are introduced in the flavor- changing 
neutrino interaction (FCNI) and the flavor-diagonal one (FDNI) as sub-leading 
effects in the — v T sector and u e — sector in order to investigate their effects 
in Ufj, — > u T and — > v e oscillations, respectively, at the baselines of L = 730 
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and 300 km. By using the values of FCNI and FDNI parameters allowed by the 
atmospheric neutrino oscillation analyses, in z/ M — > v T oscillation at L — 730 km 
the FCNI contribution has proved to dominate the CP violating effect and sur- 
vive significantly in the energy region where all the others of pure CP violating 
effect, ordinary matter effect and FDNI contribution fall. In — > v e oscillation 
at L = 300 km, the FCNI and FDNI contributions are negligibly small due to the 
stringent constraints on FCNI from the bounds on various lepton flavor violating 
processes and on FDNI from the limits on lepton universality violation. 

These results show that the non-standard neutrino-matter interations, espe- 
cially the flavor-changing neutrino interaction, could be detected in the CP vio- 
lating effect in —>■ v T oscillation at the neutrino energies where both the pure 
CP violating effect and the ordinary matter effect fall, for example, above 4 GeV 
at L = 730 km. 1 



1 After the completion of this work, Prof. Branco informed us that they studied the effect 
of the addition of a new isosinglet charged lepton inspired by extra dimensions to the standard 
spectrum on the CP asymmetries in neutrino oscillations in v e — and — v T channels and 
its detectability at future neutrino factories. |25| 
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Appendix A: Oscillation probability 
with NSNI in — v T sector 

Here we present the oscillation probability of Eq.(8) with Eq.(19) taken in 
Eq.(18). 
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Appendix B: Oscillation probability 
with NSNI in v e — sector 

Here we present the oscillation probability of Eq.(8) with Eq.(26) taken in 
Eq.(18). 



P (v a -> vp\ L) 
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Figure 1: — > v T oscillation probability for the neutrino energy range E = 1 — 20 
GeV at the baseline of L = 730 km, with the NSNI in — v T sector. The solid 
line is the one with all of the ordinary, FCNI and FDNI matter effects included, 
for |e] = 0.01, e' = 0.02,0 = for the phase of e, 5 = n/2 for the phase of 
U, Amli = 7.3 x 10~ 5 eV 2 , and Am 2 31 = 2.5 x 10" 3 eV 2 (> 0). The dashed line is 
the one without any matter effects. 
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Figure 2: — > z/ r oscillation probability for the neutrino energy range = 1 — 20 
GeV at L = 730 km with all of the ordinary FCNI and FDNI matter effects 
included (solid line) and without any matter effects (dashed line). The parameter 
values are the same as in Fig.l except for = it. 
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Figure 3: The CP violating effect in — > v T oscillation for the neutrino energy 
range E — 1 — 20 GeV at L = 730 km, with the NSNI in — v T sector. The 
dash-dotted line is the pure CP violating effect. The long-dashed, short-dashed 
and dotted lines are the fake CP violating effects due to the ordinary, FCNI and 
FDNI matter effects, respectively. The solid line is the total CP violating effect 
with the pure and fake ones. The parameter values are |e| = 0.01, e' = 0.02, = 
0,s 12 = 0.54, s 23 = 0.707, s 13 = 0.14,5 = 7r/2,Am 2 21 = 7.3 x 10" 5 eV 2 , and 
Am§! = 2.5 x 10" 3 eV 2 (> 0). 21 




Figure 4: The CP violating effect in — > v T oscillation at L — 730 km with the 
same parameter values as in Fig. 3 except for <fi = ir. The lines represent the same 
ones as in Fig. 3. 
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Figure 5: The CP violating effect in — > v T oscillation at L = 730 km with the 
same parameter values as in Fig. 3 except for Am^ < 0. The lines represent the 
same ones as in Fig. 3. 
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Figure 6: The CP violating effect in — > v T oscillation at L — 730 km with the 
same parameter values as in Fig. 3 except for <fi = n and Am^ < 0. The lines 
represent the same ones as in Fig. 3. 
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Figure 7: The dependence on Am^ of the total CP violating effect in — > z/ r 
oscillation at L = 730 km. The short-dashed, solid, and long-dashed lines are for 
Am^ = 1.5 x 10~ 3 , 2.5 x 10~ 3 , and 3.5 x 10 -3 eV 2 , respectively. The other mixing 
parameters are the same as in Fig.3. The dash-dotted line represents the pure CP 
violating effect without the FCNI and FDNI for Am^ = 2.5 x 1(T 3 eV 2 . 
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Figure 8: The dependence on Am^ of the total CP violating effect in — > v T 
oscillation at L — 730 km. The short-dashed, solid, and long-dashed lines are for 
Amjj = 6 x f0~ 5 ,7 x f0~ 5 , and 8 x eV 2 , respectively. The other mixing 
parameters are the same as in Fig.3. The dash-dotted line represents the pure CP 
violating effect without the FCNI and FDNI for Am^ = 7 x f(T 5 eV 2 . 
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Figure 9: The dependence on the mixing angle s 2 3 of the total CP violating effect 
in — > v T oscillation at L — 730 km. The short-dashed, solid, and long-dashed 
lines are for s 2 3 = 0.55, 0.60 and 0.65, respectively. The other mixing parameters 
are the same as in Fig.3. The dash-dotted line represents the pure CP violating 
effect without the FCNI and FDNI for s 23 = 0.65. 
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Figure 10: The dependence on the mixing angle s 12 of the total CP violating effect 
in — > z/ T oscillation at L = 730 km. The short-dashed, solid, and long-dashed 
lines are for s 12 = 0.50, 0.55 and 0.60, respectively. The other mixing parameters 
are the same as in Fig.3. The dash-dotted line represents the pure CP violating 
effect without the FCNI and FDNI for s 12 = 0.55. 
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Figure 11: The dependence on the mixing angle Si 3 of the total CP violating effect 
in — > v T oscillation at L — 730 km. The short-dashed, solid, and long-dashed 
lines are for s 13 = 0.05,0.10 and 0.15, respectively. The other mixing parameters 
are the same as in Fig.3. The dash-dotted line represents the pure CP violating 
effect without the FCNI and FDNI for s„ = 0.15. 
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Figure 12: The CP violating effect in — > v e oscillation for the neutrino energy- 
range E = 0.3 — 2 GeV at L — 300 km, with the NSNI in v e — sector. The 
dash-dotted line is the pure CP violating effect. The long-dashed and short-dashed 
lines are the fake CP violating effects due to the ordinary and FCNI matter effects, 
respectively. The solid line is the total CP violating effect with the pure and fake 
ones. The parameter values are \r]\ = 7xl0~ 5 ,r/ = 0.01,7 = 7r/2,s 12 = 0.54, s 2 3 = 
0.707, si 3 = 0.14,5 = n/2,Am 2 21 = 7.3 x 10" 5 eV 2 , and Am 2 31 = 2.5 x 10" 3 eV 2 
(>0). " 30 



